The effects of insulin and ouabain on 22Na efflux and net Na loss were examined in frog sartorius muscles.
22
Na efflux which had been inhibited by ouabain remained at the inhibited level for more than 2 hr. In ouabain-free solution, insulin stimulated the Na efflux from ouabain-preincubated muscles.
The stimulating effect of insulin on 22Na efflux was completely blocked by the presence of ouabain.
Insulin shifted the Na efflux vs. intracellular Na concentration relationship toward the region of lower Na concentrations, and made the slope of log (Na efflux) vs. log [Na]i relationship less steep. On the other hand, ouabain shifted the Na efflux vs. intracellular Na concentration relationship toward the region of higher Na concentration, and made the slope of the log (Na efflux) vs. log [Na]i relationship steeper.
The relationship between insulin-stimulated Na efflux and intracellular Na concentration obtained from ouabain-preincubated muscle was located in the region of higher Na concentrations than that obtained from control muscle. These findings suggest that insulin increases an apparent affinity of binding sites for Na ions, and the possibility that insulin increases the Vmax of Na transport system may be excluded. In contrast with the effect of insulin, ouabain may be considered to decrease the apparent affinity of binding site for Na ions.
Over the last 10 years many attempts were made to understand the coupling mechanism between (Na+ + K+)-transport and hydrolysis of ATP by membrane bound (Na+ + K+)-ATPaseor (Na+ + K+)-pump, and several models were proposed (BAKER and STONE, 1966; FAHN et al., 1968; POST et al., 1969; GARAY and GARRAHAN, 1975) . In these attempts ouabain has been used as an important tool to identify the transport system from other ATPase, because ouabain selectively inhibits the activity of the membrane bound (Na+ + K+)-ATPase.On the other hand, it has been known that insulin causes a reduction in the concentration of K ions in serum (BRIGGS et al., 1923) . This hypokalaemia is probably due to the stimulation by insulin of (Na+ + K+)-pump (CREESE, 1968; MOORE, 1973) . Interesting experiments were carried out by ERLIJ and GRINSTEIN (1976) in which insulin increased the binding of 3H ouabain on muscle surface, and after the insulin stimulated 22Na efflux had been blocked by ouabain, an additional dose of insulin in a ouabain-free solution had no effect on 22Na efflux. These findings suggest that insulin convert the latent form of (Na+ + K+)-pump units into the unmasked form which has a high affinity for ouabain. Present experiments were aimed to get a clue to understand the coupling mechanism of (Na+ + K+)-transport and ATP hydrolysis by analyzing the interaction between the effects of ouabain and insulin. The Na Ringer's solution contained 112 mM NaCl, 5 mM KCl, 2 mM CaCl2, and 2.5 mM Tris-HCl unless otherwise stated. pH was adjusted to be between 7.35 and 7.40. The K-free Ringer's solution had a similar composition to that of the normal Na Ringer's solution but NaCl substituted for KCl. The Li Ringer's solution was prepared by substitution of 112 mM LiCl for NaCl. tration of Na ions in muscle, respectively. The equation (1) shows that the proportionality coefficient, or rate coefficient, of the labelled Na efflux directly reflects the change in the magnitude of Na efflux, provided the intracellular Na concentration remains constant. In Na Ringer's solution the intracellular Na concentration may be considered to be constant at least during the experiment. For this reason, as adopted by KEYNES (1965) , the fraction of 22Na loss to 22Na remaining in muscle (rate coefficient) was used as a measure to express the activity of Na pump in these experiments. In order to get information about the relation between the length of washing period and the stimulating effect of insulin on Na efflux, the experiment shown in Fig. 3 was carried out.
In this experiment one of paired muscles was made Na-rich, while the other had the normal intracellular Na concentration after Both muscles were made Na-rich. When Na efflux reached a steady state in the 5 mm K Ringer's solution, ouabain was added. The value of the rate coefficient decreased from 0.0079 to 0.0049 min-1. After the removal of ouabain, the value of the rate coefficient slightly decreased and then remained at that level for more than 2 hr.
During this period one of the paired muscles was exposed to insulin. The exposure to insulin resulted in an increase in rate coefficient from 0.0038 to 0.0079 min-1. The inhibition by ouabain of the stimulating insulin effect on 22Na efflux Figure 4 illustrates the effect of ouabain on the insulin action. One of a paired muscles was bathed in solutions containing ouabain (10-6 M) throughout the experiment. The other of the same paired muscles was in ouabain-free solutions. After attaining steady state in 5 mm K Ringer's solutions with and without ouabain, insulin was added to both solutions. In the presence of ouabain the addition of The dependency of Na efflux on the intracellular Na concentration in the presence of insulin
If the stimulating effect of insulin on Na efflux were the result of the increase either in the number of acting pumps or in the turning rate of carrier molecules, a simple increase in a magnitude of Na efflux would be expected without causing any change in the dependency of Na efflux on intracellular Na concentration.
Alternatively, if the increase in the magnitude of Na efflux were due to the increase in apparent affinity of Na-binding sites, the relationship between Na efflux and intracellular Na concentration would shift toward the region of lower Na concen- the Li Ringer's solutions for 15 min, the amounts of Na ions effluxed into Li Ringer's solution was measured. Figure 5A shows one of these experiments. The amount of Na ions remaining in muscle (Na content) at any time in the course of experiment was obtained by the method described in the previous section. The logarithm of Na content was plotted against time (Fig. 5A) . The initial rapid INSULIN AND OUABAIN EFFECTS ON Na EFFLUX fall in the Na content may be due to the outflow of Na ions from the extracellular space. At the late steady stage, the slope of this logarithmic plot , which is equivalent to the rate coefficient obtained from other 22Na efflux experiments , was steeper in the insulin-containing solution than in the insulin-free solution . The fact that, as seen in Figs. 1, 2 , and 3, in the most of the 22Na efflux experiments conducted in the normal Ringer's solution the rate coefficient of 22Na efflux attained a steady value within the first 45 min after transferring the muscle loaded with 22Na from washing solution to sampling solutions, indicates that the radioactivity in the extracellular space is almost completely washed out within this period . Since the mobility of Na ions in the extracellular space may not differ from that of Li ions , even in this experiment the Na ions in the extracellular space were considered to be mostly replaced with Li ions within the first 45 min of the sampling period . In addition to the fact above accounted for, considering the following fact that insulin requires about 30 min to exert its maximum effect on Na pump , it may be reasonable to regard that only after the first 45 min the change in the Na content estimated in this experiment reflects the actual change in intracellular Na concentration of the muscle bathed in the insulin-containing solution . The final Na content of the muscle bathed in the insulin-containing solution was lower than that of the muscle bathed in the insulin-free solution , and the weights of the muscle bathed in the insulin-containing solution and of that bathed in the insulin -free solution were 431 mg and 467 mg, respectively . The intracellular Na concentration was obtained by dividing the Na content by the weight of muscle water . The intracellular Na concentration of the muscle bathed in the insulin-containing solution became lower than that of the muscle bathed in the insulin-free solution in the course of experiment. This finding indicates that insulin increases not only the unidirectional efflux but also the net Na loss. In order to determine the relationship between Na efflux and intracellular Na concentration, the magnitude of Na efflux (the amount of Na ions having appeared in the bathing Li Ringer's solution) was plotted against the logarithm of the intracellular Na concentration in Fig . 5B . Under the present experimental condition, the amount of Na ions having appeared in the Li Ringer's solution can be considered to be the Na efflux , because the influx of Na ions is expected to be negligibly small when the muscle is bathed in the solution of such a low Na concentration. The samples collected within the first 30 min were not plotted . Figure 5B shows that insulin induced the shift of the relationship between Na efflux and intracellular Na concentration toward the region of lower Na concentrations. This leftward shift of the relationship between Na efflux and intracellular Na concentration is difficult to be accounted for by the increase in the number of acting Na-pump units, but rather suggests the increase in the apparent affinity of the Na-transport system for Na ions .
The effect of insulin on the average number of Na ions on a single carrier molecule was also examined . When the trans-membrane movement or the rotation Vol.30, No.1,1980 S. SATO, K. MURAYAMA, and K. NISHIO of a carrier is very slow compared to the reaction between Na ions and binding sites on the carrier, the magnitude of Na efflux is considered to be proportional to the concentration of carriers bound to Na ions. Since the concentration of the carriers bound to Na ions of n is the product of the total number of working carriers and the probability that a single carrier binds to Na ions of n, the relation between the magnitude of Na efflux and the intracellular Na concentration is phenomenologically described by the following equation.
( 2) where k, [C],total and KNa are the coefficient relating to the movement of a carrier, the total concentration of working carriers, and the dissociation constant of Na ion-binding site complex. n means the average number of Na ions bound to a single carrier. At the concentrations much lower than KNa, the relation becomes simpler as follows (3) This equation can be rewritten into the following form,
In order to obtain the average number of Na ions bound to a single carrier molecule, the logarithm of Na efflux was plotted against the logarithm of the intracellular Na concentration in Fig. 5C . The slope of this log-log plots is equivalent to the Hill's coefficient at low Na concentrations. The addition of insulin resulted in the fall of the average number of Na ions from 2.5 to 1.6.
The dependency of Na efflux on the intracellular Na efflux in the presence of ouabain In order to examine the effect of ouabain on the dependency of Na efflux on intracellular Na concentration, experiments similar to that illustrated in Fig. 5A were conducted in ouabain-containing Li Ringer's solution. Figure 6A shows one of these experiments. One of the paired muscles was bathed in the solutions containing ouabain at a concentration of 10-6 M, whereas the other was in the ouabain-free solution. The logarithm of Na content was plotted against time. At late stage, the rate of the decrease in Na content reached to a steady value. Ouabain lowered the rate of the decrease in Na content to 45 % of that in ouabainfree solutions, i.e., the fraction of ouabain-insensitive or ouabain-resistant Na efflux was 55 % of total Na efflux. The magnitudes of the ouabain-resistant Na efflux were plotted against the logarithm of the intracellular Na concentration in Fig. 6B , to determine the dependency of the ouabain-resistant Na efflux on the intracellular Na concentration. Figure 6B clearly shows that the presence of ouabain in the bathing solution results in the rightward shift of the relationship between Na efflux and intracellular Na concentration. The effect of ouabain on the average number of Na ions was also investigated by plotting the logarithm of Both muscles were made Na-rich before starting experiment. The rate of decrease intracellular Na concentration was lower in ouabain-containing solutions (a) than in control solutions (0). B: Na efflux vs. log[Na]i relationships in the presence (a) and absence (LI) of ouabain. Curves were drawn by eye to fit points. Ouabain shifted the curve toward the region of higher Na concentrations.
C: The log of Na efflux is plotted against the logarithm of the intracellular Na concentration.
The slopes in ouabaincontaining and control solutions were 2.5 and 1.9 respectively. Na efflux against the logarithm of intracellular Na concentration (Fig. 6C) . The slope of the log-log plots were steeper in the ouabain-containing solution than in the ouabain-free solution. The results obtained from the experiment carried out in the ouabain-containing Li Ringer's solution indicate that even in the presence of ouabain Na efflux is dependent on the intracellular Na concentration.
The effect of ouabain-preincubation on the insulin-stimulated Na efflux When a muscle which had been bathed in the ouabain-containing solution The rate of the decrease in the Na content of the ouabain-preincubated muscle was lower than that of control muscle. In a late steady state, the rate of the decrease in Na content of the ouabain-preincubated muscle was 0.0021 min-1, while that of control muscle was 0.0043 min-1.
The fact that the rate of the decrease in Na content of the control muscle was low compared to the rate coefficient obtained from other 22Na efflux experiment may be due to the low intracellular Na concentration at the late stage of this experiment. The Na effiux was plotted against the logarithm of intracellular Na concentration in Fig. 7B . Curves were drawn by eye to fit points. The curve representing the dependency of Na efflux to the intracellular Na concentration of the ouabain-preincubated muscle was located on the right side of that of the control muscle. These findings indicate that the increase in Na effiux induced by insulin may be due to the increase in the apparent affinity for Na ions of Na-trans- Vol.30, No.1, 1980 port system, and the inhibition by ouabain of Na efflux may be accounted for by the decrease in the apparent affinity for. Na ions of Na-transport system.
The slope of the relationship between the logarithm of Na efflux and the logarithm of intracellular Na concentration, which may represent the average number of Na ions bound to a single carrier molecule, decreases with the increase in the apparent affinity for Na ions of Na-transport system. This fact remains to be clarified. The experiment to solve this problem will provide a clue to understand the mechanism responsible for the change in the apparent affinity of Natransport system.
DISCUSSION
Since in a squid giant axon Na ions were found to be transported against their electrochemical potential gradient (HODGKIN and KEYNES, 1955) , and such transport required ATP (CALDWELL et al., 1960) , many attempts were made to explore the pumping mechanism in connection with the phosphorylation.
Recently this coupling mechanism draws attension of researchers dealing with ATP synthesis in mitochondrial inner membrane. The present experiments was aimed to get a clue to understand the (Nat +K+)-transport mechanism from the view point of the dependency of Na efflux on the intracellular Na concentration. ERLIJ and GRINSTEIN (1976) reported that in frog skeletal muscle there are two types of pump site: one acting and the other latent, and insulin unmasks the latent form into the acting form. If it is the case, the ratios of the magnitude of the insulin-stimulated Na efflux to that of the Na efflux from intact muscle should be equal at any concentrations of the intracellular Na ions, i.e., the dependency of Na efflux on intracellular Na concentration should be independent of the stimulation of Na efflux by insulin. However, as seen in Fig. 5B insulin caused the shift of the Na efflux vs. log[Na]i relationship toward the region of lower Na concentrations, and the Hill's coefficient decreased from 2.2 to 1.6. This finding accord with those reported by MOORE (1973) . The fact that when Na efflux increased, the Na efflux vs. intracellular Na concentration relationship shifted toward lower Na concentrations cannot be explained by a simple increase in number of acting pumps. If it is allowed to assume that the magnitude of Na efflux is proportional to the concentration of carriers bound to Na ions at the inner surface of plasma membrane, it is reasonable to regard the shift of the relationship between Na efflux and intracellular Na concentration as the shift of the relationship between the saturation degree of carriers by Na ions and the intracellular Na concentration. Usually the leftward shift of the relationship between the saturation degree of carriers by Na ions and the intracellular Na concentration is explained by the elevation of the affinity of each binding site on carrier for Na ions. However, alternatively it is also possible to account for the shift of this relationship by an increase in fraction of carriers having high affinity binding sites for Na ions.
